Abstract
water offered across studies with resulting differential dose response effects on performance.
46
This paper reports two studies that investigate the dose response effect of water consumption 47 on cognitive performance and mood in both adults and children. consumption over a whole day has been associated with better digit span (Fadda, Rappinett, 55 Grathwohl, Parisi, Fanari, Calo & Schmitt, 2012; an average of 624 ml over a school day). In In the case of adults, 200 ml water has been found to improve visual attention (Edmonds, 62 Crombie, Ballieux, Gardner, Dawkins, 2013) (measured by letter cancellation) and 500 ml has been shown to shorten reaction time Gardner, 2013; Neave, et al, 2001 ). Moreover, one study suggested that performance on a set 68 shifting task was not affected by drinking water, and was better if participants reported 69 themselves to be thirsty . Other studies have also 70 reported that the effect of drinking water is influenced by participants' thirst. For example,
71
adults' performance on a rapid visual information processing task was improved after 72 drinking either 120 ml or 330 ml water, but only if they initially rated themselves as thirsty In the case of mood, inconsistent effects of water supplementation have been reported.
79
Subjective feelings of alertness and concentration have been found to be higher in adults who 80 have free access to water compared to a group on a restricted drinking regime (Shirrefs, 81 Merson, Fraser, Archer, 2004). Moreover, adults have rated themselves as more alert after 82 acute water ingestion (Rogers et al, 2001 ). Other studies have reported no effect of water on 83 adults' subjective ratings of mood (Edmonds, Crombie, Ballieux, Gardner, Dawkins, 2013).
84
In the case of children, there is some evidence to suggest that those who drank water rated although it is possible that this is due to diminishing the discomfort associated with thirst. phenomenon by assessing both adults (Study 1) and children (Study 2) given that these are 99 the two populations commonly used in these studies. We explored this systematically in 100 adults and children, using visual attention (letter cancellation) and memory (digit span) tasks 101 that have been employed in previous studies. The aim of Study 1 was to evaluate the dose response effect of water on cognitive 105 performance and mood in adults. We manipulated the volume of water offered to 106 participants, offering either a large drink (300 ml) a small drink (25 ml) or no drink, and 107 examined the effect on performance on measures of visual attention and memory, and 108 subjective ratings of thirst and mood. 
Methods

111
Participants. Ninety-six participants were recruited from the student population at the 112 University of Westminster. There was no monetary or other incentive to take part. Each of 6 113 the three groups consisted of 32 participants. The mean age of participants was 21.0 years in 114 each group (300 ml, SD = 2.5 years; 25 ml, SD = 3.6 years; no water, SD = 2.8 years). There 115 were more females than males overall, but the ratio of males to females was similar in each 116 group (300 ml, F = 22; 25 ml, F = 25; no water, F = 21). The grid was filled with targets (n= 38) and distractor letters ("O", n=323; "V", n=28; "C", 136 n=11). The score was the number of correctly identified letters minus incorrectly checked 137 letters and the maximum score was 38. A higher score indicated better performance. Digit Span. A series of digits were read aloud by the researcher at a rate of 1 digit every two 140 seconds. Participants were required to repeat the sequence in the order that it was presented.
141
Sequences were initially three digits in length, and increased by one digit until a maximum of 142 ten digits was reached. Procedure. All participants completed the thirst and mood scale, followed by baseline 150 cognitive tests. They were then offered either 25 ml, 300 ml, or no water and were Table 1 show mean scores and standard deviations for tests comparing ratings at baseline and test were conducted for each VOLUME group (no 181 water, 25 ml, 300 ml), which showed significant increases in ratings over time for those who at baseline compared to test for those who drank 25 ml (t (31) = 3.62, p < 0.001) and 300 ml participant data were included in the analysis. Initially, 79 participants were randomly 224 assigned to one of the three drink groups (0 ml, 25 ml or 300 ml). However, 11 out of the 27 225 children in the 300 ml group did not consume the full amount of water, drinking between 30 226 ml and 180 ml. Therefore, we recruited an additional 7 children in this group in order to try to 227 increase the sample size to that of the other drink groups. Four of these seven drank the full 228 300 ml; thus, there were a total of 20 children in this group who consumed all of the water 229 that they were offered. In order that each VOLUME group had comparable numbers, we 230 used a random number generator to randomly exclude children in the 0 ml and 25ml groups 231 in order to reduce the sample sizes to 20 in each group.
233
In the sample that were included in the analyses, there were 60 children aged 7 to 10 years.
234
The no water group comprised 10 males and 10 females (range, 7 years to 10 years), the 25 11 235 ml group comprised 10 males and 10 females (range, 7 years to 10 years) and the 300 ml 
Results
257
Data presented in Table 3 show mean scores and standard deviations for ratings on the thirst Thirst Scales. Self-rated thirst scores showed a main effect of VOLUME (F(2,52) = 9.22, p < 261 0.001) with thirst scores decreasing as children drank a greater volume of water. The main 262 effect of TIME was not significant (F (1,52) = 0.57, p = 0.455). The main effect of VOLUME 263 should be interpreted in light of the significant interaction (F (2,52) = 13.03, p < 0.001).
264
Follow up t-tests examined whether there was a change in scores from baseline to test in each 265 of the three volume groups. Interestingly, while the thirst ratings of the 300 ml group 266 decreased significantly from baseline to test (t(10) = 3.25, p = 0.005), the ratings of the 25 ml 267 group showed an increase in self rated thirst over time (t(17) = 2.96, p = 0.008). The no water 268 group's ratings also decreased, but not significantly so (t(19) = 1.19, p = 0.249).
270
Mood Scale. There was no effect of VOLUME (F (2,52) = 0.40, p = 0.673), nor TIME (F
271
(1,52) = 0.74, p = 0.395), nor was the interaction significant (F (2,52) = 1.73, p = 0.188). Letter Cancellation. The main effect of TIME (F (1,57) =37.73, p < 0.001), was significant, 277 but VOLUME was not significant (F (2,57) = 1.27, p = 0.289). The interaction was not 278 significant (F (2,57) = 1.26, p = 0.292). We were interested in the performance of each 279 VOLUME group and conducted t-tests comparing performance at baseline and test. There 280 was a significant increase in number of targets correctly identified at test compared to 281 baseline for those who drank 25 ml (t(19) = 6.89, p < 0.001) and those who drank 300 ml (t 282 (19) = 4.31, p < 0.001). There was no significant difference in performance over time for 283 those who drank no water (t(19) = 1.72, p = 0.101). While these t-tests should be interpreted 284 cautiously because the interaction was not statistically significant, the absence of group Digit Span. For performance on the Digit Span task, neither main effect, nor the interaction 289 were significant (VOLUME, F (2,56) = 0.10, p = 0.907; TIME, F (1,56) = 0.12, p = 0.729; 290 VOLUME x TIME, F(2,56) = 0.35, p = 0.710).
292
These results replicate in children our finding that a large drink is necessary to reduce ratings 293 of subjective thirst. Indeed, a small drink was found to increase thirst ratings in our sample, 294 perhaps because it made children desire more water. By contrast, a small drink was sufficient 295 to improve children's performance on our visual attention task, in line with our findings for 296 adults in Study 1. Although the interaction between volume drunk and time of test was not 297 statistically significant, the pattern of mean scores and t-test results are the same for children 298 and adults. In contrast to the adult results, children's memory was not improved by drinking.
299
In line with the results in adults, mood was not affected.
301
General Discussion
302
Our results show that children and adults exhibit dose-response effects of drinking on visual 303 attention and memory; these findings are summarised in Figure 1 . In our study in adults, only 304 a large drink affected thirst and memory, while a small drink was sufficient to improve 305 performance on the attention task. This association lends support to the view that, in adults, 306 memory is contingent on thirst reduction, while attention is not for either children or adults.
307
Memory performance may be related to thirst, but differently for children and adults. In 308 adults, a large drink improved digit span, but there was no such effect in children. In children,
309
but not adults, a small drink resulted in increased thirst ratings. These contrasting dose- Drinking affected memory differently to visual attention performance, which might suggest 351 that there are different mechanisms underlying the effects for these two domains of cognition.
352
In adults, but not children, performance on the memory task did not improve unless a larger 353 drink was consumed, which was also associated with decreased thirst ratings. This suggests 354 that thirst reduction may be important for positive effects of water consumption on memory 355 in adults, but not in children. Our results are consistent with a recent study that found that 356 memory performance was related to thirst, but focused attention was less so (Benton, the number strings in a test booklet. It might be that effects of drinking on memory are 361 sensitive to mode of testing. Thus, it is important that mode of presentation is formally 362 evaluated before firm conclusions about age differences can be made. It is also possible that 363 there are fundamental differences in the thirst response and ability to accurately report the 364 thirst response between adults and children, and/or that there are age-related differences in 365 memory ability. These alternatives could be explored in future. Crombie, Gardner, 2013). These cross study differences in results might be a result of 382 procedural differences that affect task demands, with some tasks requiring quick responding 383 similar to that required in the visual attention tasks, while others do not. Or, it could be that 384 some memory tasks have greater attentional demands than others; the evidence presented The protocol of tests used in these studies was kept relatively short in order to be in line with There were some differences in the gender distribution across groups in our child study. We 406 suggest that it is unlikely that these would impact on factors related to hydration because pre- differences is controversial (Fine, 2011) and it is also possible that there are individual 413 differences in these constructs (John & Gross, 2004) .
415
Thirst is a well-studied phenomenon (Rolls and Rolls, 1982) ; although the relation of thirst to 416 cognition is less well examined. However, relatively little is known about the thirst 417 mechanism in children (Kenney and Chiu, 2001) . Children are at particular risk of 418 dehydration for a variety of physiological (e.g. higher total body water content, poor 419 acclimatisation to heat, higher respiratory and metabolic rate) and social (depended on 420 caregivers for access to drinks) reasons (Edmonds, 2012 children's perception of thirst operates differently from that of adults; we report that both 426 adults' and children's thirst ratings were decreased by a drink of 300 ml water, but children's 427 ratings increased after consuming just 25 ml water. However, these data should be replicated 428 before strong conclusions about whether children's ability to perceive and report on the 429 interoceptive signal of thirst is the same as that in adults. We suggest that thirst in children -430 their perception of it, susceptibility, relation to hydration status and to performance and mood
431
-should be the subject of future scrutiny. 
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